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Executive Summary
To create a quality equine hoof block for the sponsors many tasks had to be accomplished.
Initially the current hoof block was studied to gain valuable knowledge about the problem at hand and
why a new hoof block is needed. In addition to studying the existing block, background research was
gathered on horse anatomy, current products on the market, and different types of lameness. Once we
had a good understanding of what was needed to create a successful hoof block a set of engineering
specifications were developed to evaluate different hoof block designs. Next, many different ideas were
generated that could possibly solve the problem of measuring the forces and moments imparted by a
horse onto a hoof block. At that time all of the ideas were narrowed down to the four most promising
concepts and a decision matrix was created to compare each of these initial concepts to each other in
order to narrow down the concepts to the top two, an array of single degree of freedom load cells and a
strain gage based load cell. After listening to sponsor input and performing additional research about
commercial load cells and strain gages it was decided that the hoof block would be designed based on a
six degree of freedom force and moment sensor created from a custom flexure outfitted with strain
gages.
Once the sensor design concept was chosen other important tasks had to be completed.
Prototype bone density scale markers were machined from both aluminum and steel. These scale
markers were then tested to see which material yielded a better gradient on x-rays for measuring bone
density. After the initial tests, it was apparent that aluminum markers provided the best gradient. Then
an initial custom flexure was designed and analyzed using Abaqus finite element analysis software. The
analysis of the initial flexure design showed that it would not be suitable for the six degree of freedom
(DOF) load cell. At that time a second flexure was designed and analyzed with Abaqus and a
mechanically fastened prototype was created to act as a proof of concept for the design. The prototype
provided marginal results because of problems with hysteresis and creep which were attributed to the
mechanical joints however, the testing showed promising trends so a unibody flexure was machined
from a solid block of aluminum.
The unibody load cell was then calibrated and tested but it did not perform as expected. Some
components of the forces and moments acting on the load cell could be calculated fairly accurately and
others could not, especially the moment about the z axis. After hours of troubleshooting which included
testing for linear increases in bridge outputs for incremental load increases, testing wired connections
with digital multimeters, verifying the linear algebra used to create the calibration matrix, and testing
Wheatstone bridge circuits using Vishay P3 indicators it was concluded that the calibration fixture and
process was the cause of the problems. Currently a new calibration fixture is being designed which will
also improve the calibration procedure. We will build the new fixture and continue working on the
project through the summer and into next fall if needed to produce an equine hoof block which will be
useful for our sponsors.
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Introduction
The goal of this project is to create a tool to help diagnose lameness in a horse. This will be
accomplished by improving upon an existing equine hoof block by expanding its features. The existing
block, created by our sponsors, is used along with a portable x-ray generator to create an x-ray image of
the lower portion of a horse's leg. The existing block is very simple; it acts as a platform for the hoof to
rest on while the x-ray is being taken. The only measurement tool incorporated into the existing block is
a physical scale marker, embedded in the top portion of the block, which shows up opaque on the x-ray.
This scale allows accurate angular measurements of the bones with respect to each other to be made on
the x-ray film via computer software. This scale also allows for accurate size measurements of the bones
that are in the same plane as the markers. The current block includes two of these scales which are
perpendicular to each other and parallel to the top of the block. This allows for accurate measurements
to be made on x-rays taken from the side of the block or from the front. In addition to the scale markers
within the block which show up on x-ray film, there are visual scale markers on the outside of the block
which can be used to scale digital photos taken of the horse’s leg. These external scales, like the internal
ones, appear on both the sides and front of the block to add versatility.

Sponsor Needs
The sponsors would like to increase the functionality of the block to provide more information
to diagnose lameness. All of the scale markers from the existing block will be maintained in the new
block and an additional scale will be added to evaluate bone density. Along with these scales the block
will contain a 6 degree of freedom load cell that will provide the resultant force and moments resulting
from the horse standing on the block. At the instant the x-ray is taken, the force and moment data is
gathered from the block which is used along with the x-ray image to make measurements on the bones
of the horse.
Over time after many trials on different horses, the users will be able to start making
correlations between the gathered data and different types of lameness. This will be extremely useful to
veterinarians because they will be able to quickly diagnose different types of lameness in horses. Then
after lameness has been identified, the user can continue to use the block to take x-rays during the
duration of treatment and rehabilitation. This will allow the user to track changes in the horse’s stance
and allow them to evaluate the effectiveness of the treatment which will provide valuable information
about which treatment techniques are most effective at treating different types of lameness.
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Background Information
The overall goal of this project is to provide the veterinarian with a research and diagnostic tool.
The data gathered from this block over time can be used to build a database to diagnose specific
lameness in horses based on their stance. Until many different trials have been completed and multiple
types of lameness have been identified, this block will mostly act as a research tool. Another benefit of
this tool will be that once lameness is identified and treatment is administered, the block can track
changes in the horse’s stance over the life of the treatment and rehabilitation process.
There are very few existing products that are similar to the one we are going to create. Our
sponsors have created a block that they currently use which has some simple measurement capabilities.
Most of the industry uses a block simply to elevate the horse’s hoof off the ground to x-ray it easily
without interference. These blocks contain no measurement features and can be as simple as a piece of
wood. We have found one product on the market that is used to align the x-ray generator, hoof, and xray cassette to provide high quality images by ensuring that the x-ray is taken at the proper focal length
and perpendicular to the x-ray cassette. This product provides a block for the horse to place its foot on
between the x-ray generator and cassette however the block does not include any measurement tools.
The existing block which the sponsors use is shown in Figure 1 below. The external scales used
for digital photography can be seen indicated by red arrows. The black dots are actually plastic screws,
so they don’t show up on the x-ray, which are set into the block a known distance apart. Within the
circular indents, indicated by blue arrows, there are also plastic screws. These two sets of plastic screws
are each in their own plane, one plane on the surface of the block and the other at the back of the
indents. This provides two sets of screws a known distance apart and in two different planes. The
distance between the two planes is known which allows software to automatically scale digital images
using the black plastic screws. In addition, the lines on the top plate of the block, which are highlighted
yellow, coincide with the physical scale markers within the block that show up on the x-ray. The size of
the bones that lie in the two planes created by these lines can be accurately measured.
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Figure 1: Existing block. External scale markers can be seen on the sides and top face. The red and blue arrows
indicate plastic screws used to scale digital photographs and the yellow lines indicate the planes on which
accurate size measurements of bones can be made from x-ray images.

To create a quality hoof block we studied the anatomy of a horse’s leg. It was important to
become familiar with the anatomy so that we could better understand how the block is going to be
used. In addition, we have become familiar with the vocabulary veterinarians use to describe parts of
the horse such as the digit and fetlock. Most of our research so far has been on the thoracic limb or
front leg of the horse. The hoof and pastern make up the equine digit which is located distally from the
fetlock. The hoof of a horse is made up of 3 layers and at the toe creates an angle with the ground
between 48° and 60°.
We have found four other facts that may prove useful while developing the block. First, the heel
is the first part of the hoof that contacts the ground. This could be important as far as loading and
unloading the horse’s leg onto the block. Second, when the horse is standing it supports more weight
with its front legs than its rear legs because of the location of a horse’s center of gravity. This means that
if the block is built robust enough to handle the forces and moments caused by the horse standing on it
with a front leg, it will also support the forces and moments created by a rear leg. Third, the dorsal
articular angle of the fetlock should be approximately 140°. A value significantly different from this could
indicate lameness. Last, the weight of a horse varies by breed, size, and age. Some full grown horses
weigh only about 800 pounds however a full grown Clydesdale horse can weigh over 2000 pounds.
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Engineering Specifications
The goal of this project is the creation of a device capable of measuring reaction forces of a
horse’s foot on the ground while an x-ray is taken. The force information along with the x-ray can help
with the diagnosis of lameness in a horse. Along with providing a force measurement, the block will
contain some additional features that improve the precision of measurements and make the x-ray
process as simple as possible. The requirements for the block are tabulated below in Table 1.
Table 1: Engineering specifications for the equine hoof block.

1
2
3
4

Feature
Bone density marker material
Bone density marker dimensions
Data output
Block leveling

5

Block impact resistance

6
7
8
9
10
11
12
13

Vertical force measurement
Horizontal force measurements
Torsional moment measurement
6 DOF
Top surface smoothness
Top surface friction
Radio translucent top
Water resistance

14 Interior physical scale
15
16
17
18
19
20
21
22
23
24

X-ray precision
Computer interface
Data and x-ray synchronization
Power source
Top surface area
Data points during x-ray
Trigger
Software
Wire connectors
Wire connectors

25 Outer visual scale
26 Overload Protection
27 Block height
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Requirement
Aluminum 6061
Cone 1.25" diameter and 5" long
Viewable in metric and English units
As level as ground conditions allow
Withstand impact of 2000 lbf without damaging any
measurement components of the block
Min 50 lbf, max 500 lbf, resolution 0.5 lbf
Min -250 lbf, max 250 lbf, resolution 0.5 lbf
Min -50 ft-lbf, max 50 ft-lbf, resolution 0.25 ft-lbf
Measure 3 forces and 3 moments simultaneously
Within +/- 0.02 in
Between 0.2 and 0.6
Length scale is visible in the x-ray image
Withstand splashes of water from all directions
2 steel spheres d = 0.25" and 3.5" apart. 1/8" diameter
rod 1.75" length between.
Lower 3 leg bones to 0.25 of a degree
USB
Correlate data to x-ray with < 0.25 s of overlap
Battery within the device or USB power
Minimum 6" by 8"
5 or more
One trigger for x-ray and DAQ
Must sync x-ray image with data points
Quick connect (no tools)
Connect time of 15 s or less
Two pairs of black screws, one 2.25" apart, the other
4" apart and recessed 1.75" into the block, all parallel
to the top of the block
Protect strain gauges and electronics from damage
Maximum height of 4"

Test Plan
Calipers
Bubble level
Force gauge
Output software
Output software
Output software
Microflat
X-ray contrast
Splash!
Metron software
Metron software

Ruler
Output software

Stopwatch
Calipers

Ruler

Load Measurement Concept Development
Developing a method for measuring the forces and moments a horse hoof imparts on the hoof
block is a major aspect of this project. To accomplish this task initially different concepts were
brainstormed and then evaluated based on a few of the key design specifications. Then once a method
for measuring the loads was chosen it needed to be researched in order to create a device to implement
into the equine hoof block.

Initial Load Measurement Concepts
Initially we came up with four promising methods to equip the hoof block with the necessary
measurement capabilities.
1. The first and most simplistic method involves buying an off the shelf 6 degree of freedom sensor
to insert into the block. This is an attractive option because commercial sensors come with
beneficial features such as overload protection and are often weather resistant or water proof.
Also commercial sensors already have an interface for the output data to be sent to a computer.
The main setback to this method is the price. Through our research we have found that these
sensors start at around $4,000 and go up from there.
2. Second, we are considering using an array of sensors to provide the information for all 6 degrees
of freedom. This will be a more cost effective method than using a single 6 degree of freedom
sensor. Load cells that measure one degree of freedom are an order of magnitude cheaper than
the 6 degree of freedom models. Also load cells typically have an interface that would allow
them to be connected to a data acquisition (DAQ) system or a computer. Although this method
may be cheaper than the previous method, it will involve a more complicated block to house the
sensor array.
3. Another option we are considering is creating our own 6 degree of freedom load cell. The load
cell will be made of a custom flexure and use strain gages to measure the forces and moments.
We anticipate that this method will be much cheaper than the previous two methods however
the flexure will require extensive machining with great precision and the load cell will need to be
calibrated after the strain gages are attached to the flexure.
4. Last, we are experimenting with the idea of using linear and torsion springs with known spring
constants to calculate the forces and moments by measuring the springs’ deflections. This
method will most likely be the cheapest of all four but we are concerned that we may not be
able to provide high enough resolution for the forces and moments because the springs will
need to be stiff to support the loads the horse will put on them.
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Load Measurement Concept Evaluation
To better understand which concept will best fulfill the sponsors’ requirements a decision matrix
has been created to evaluate the initial sensor concepts. This matrix is presented in Table 2. The
decision matrix compares the ability of each of the sensor concepts to fulfill the most important design
criteria. The criteria for this matrix were chosen because any sensor concept which can’t meet these
criteria will not create a successful hoof block even if they meet all of the other engineering
specifications.
Table 2: Decision matrix used to evaluate initial sensor concepts based on most important design requirements.

0.4

Off the Shelf
6-DOF
1

1-DOF Sensor
Array
4

Strain gage
Based 6-DOF
5

Spring
Displacement
5

0.25

5

5

5

3

0.25

5

5

4

3

0.1

5

4

3

1

3.4

4.5

4.55

3.6

Criteria

Importance

Meets Budget
Acceptable
Precision
Sufficient Range
Ease of
Electronic
Interface
Total

Each of the criteria at the left of the table is assigned a relative importance and then each of the
sensor concepts is evaluated on whether it meets the criteria on a scale of 1 through 5 with 5 being the
best. For each concept the assigned value for each design criteria is multiplied by the criteria’s relative
importance and then those values are summed to find the total. The sensor concept with the highest
total is the concept that best fulfills the design criteria. The decision matrix clearly illustrates which
concepts are the most viable, the 1-DOF load cell array and a strain gage based 6-DOF load cell. The
totals for each of these concepts are very similar, differing by only about 1%, and are much higher than
the totals for the off the shelf 6-DOF load cell and the spring displacement concept.
The off the shelf 6-DOF sensor falls short of the other concepts because it will be impossible to
meet the project’s budget due to the high cost of the load cell. Cost is of great importance to our
sponsors which can be seen by the relative importance of budget in the decision matrix. Even though
the off the shelf sensor can fulfill all of the other criteria very well, without meeting budget this concept
is no longer an option. In contrast the spring displacement method would definitely meet the project
budget however it will be very difficult to achieve both the required range and accuracy which renders
this method unusable as well.
The two most viable ideas have similar totals defined by the decision matrix however they
achieve these totals by different means. The sensor array only received a 4 for the meeting budget
because this could depend on the number of sensors that are needed as well as the price of each sensor

15

which varies depending on the load capacity and accuracy required. The load capacity needed in each of
the 6 DOF for the hoof block will not be the same which will allow us to possibly use cheaper load cells
in some locations. The wide range of available load cells will definitely allow for this concept to meet the
required range and accuracy however interfacing all of these loads cells to a single DAQ system may
prove to be challenging. The strain gage based method should meet budget barring the need to
outsource precision machining of the flexure. Even if the flexure does need to be machined by a
professional this method could still meet budget because the rest of the materials are relatively
inexpensive. A strain gage based system will be extremely accurate however, to achieve this amount of
accuracy the range may suffer. This will be explored further as we create an initial finite element
analysis of a custom flexure. This method will also be challenging to interface to the DAQ because it will
require many strain gages which will require many lead wires. At this point we are going to move
forward with exploring both the 1-DOF sensor array and the strain gage based sensor concepts while
abandoning our pursuit of an off the shelf 6-DOF sensor or exploring the spring displacement method.
Some initial analysis on the 1-DOF sensor array proves that the forces and moments in all 6 DOF
can be found using 5 load cells capable of measuring both tension and compression. This analysis can be
found in Appendix C. This configuration will yield the line of action of the force on the block as well as
the point on the surface of the block where this force occurs. Even though theoretically 5 load cells can
provide all of the required force and moment information a sixth load cell may be required to properly
constrain the surface of the hoof block. This will be explored in further depth as we begin to figure out
how the sensor array will be packaged within the block. The packaging of the sensor array within the
block will be complicated by the required positions of the physical and bone density scale markers.
We created a finite element analysis model of a flexure to get a better understanding of how
many strain gages would be needed for a strain gage based sensor. This model also proved useful
because we could test the model with different loading conditions to practice the process of creating a
compliance matrix. A compliance matrix will need to be created for our first prototype through applying
different loads to the block. This compliance matrix will act as the calibration matrix for the strain gage
sensor. Much more research is required on our part in order to bring this concept to reality. We need to
investigate different flexure shapes, strain gage locations on the flexure, and how to create a proper
compliance matrix. Then once we more fully understand each of these aspects to the design concept we
will have to apply that knowledge to make sure we can package the strain gage sensor within the block
and maintain the required positions of the different scale markers.
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Strain gage Based Load Cell
After discussion with our sponsors and continued research on each of the two best sensor
concepts, we have decided to proceed with designing a strain gage based sensor. This concept is more
likely to meet budget and commercial load cells with the required accuracy are too large to be packaged
within the limited space available for the hoof block. Also, commercial load cells cost approximately
$300 to $500 dollars each and at least five of them would be needed. This is does not allow for any
money left over for the raw materials, electronics, test rig, DAQ, etc. Several aspects of the strain gage
load cell are described below.

Method for Measuring Forces and Moments
One key aspect in the design of the hoof block is how the forces and moments imparted on the
block by the horse will be measured at the same time the x-ray is taken and then stored on a computer.
Strain gages will measure the strain in the flexure and the strain values will be converted to forces and
moments using a compliance matrix that will be developed during testing of the hoof block. The flexure
is the part of the load cell which flexes when a load is applied. As the flexure deforms strain is generated
and can be measured by strain gages bonded to the flexure. The strain measurements will be taken from
the flexure using strain gages arranged in Wheatstone bridge circuits. For this particular application the
Wheatstone bridges will be set up in a full bridge configuration which will be explained more thoroughly
later. Strain gages have variable resistance based on the strain they experience. Initially when the strain
gages are not strained, all of the gages have the same resistance and the Wheatstone bridge is said to
be balanced. When the bridge is balanced the output voltage of the Wheatstone bridge circuit is zero.
When the horse stands on the block the flexure will be strained and the gages will experience
different amounts of strain based on their location on the flexure. The resistance of each strain gage will
vary according to the strain experienced by the gage. While the horse is standing on the block the gages
will no longer have the same value of resistance and the Wheatstone bridge will become unbalanced.
While the bridge is unbalanced the output voltage of the circuit will no longer be zero. The output
voltage of the Wheatstone bridge circuit is proportional to the imbalance of the bridge. The output
voltage from the bridge is the signal that needs to be recorded by the computer but before the signal
can be recorded an offset has to be removed, the signal has to be amplified, and the signal has to be
converted from analog to digital. Once the signal from each of the Wheatstone bridges has been
recorded on the computer they will need to be converted to forces and moments using the compliance
matrix. It is extremely important that the measurements are taken at the instant the x-ray is taken. This
will be accomplished by triggering both the x-ray generator and the data acquisition device (DAQ) with a
single master switch.
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Flexure Design Considerations and Research
In order to create an effective flexure a few design criteria must be considered. The flexure
should be designed so that each force or moment applied to the block generates a unique deformation
in the flexure. This is important when creating the calibration matrix for the flexure because each force
and moment applied to the block will need to be individually identified. Being able to identify all of the
forces and moments acting on the block from one another during calibration will allow for calculating
each force and moment individually from the strain gage measurements after calibration which is the
end goal of the project. In addition, the strain in the flexure needs to be carefully controlled to provide
useful measurements while not exceeding the limitations of the strain gages, bonding material, or
flexure material. The adhesive which bonds the strain gages to the flexure can only withstand a certain
amount of strain before it fails and the strain gages come off of the flexure. Conversely there needs to
be enough strain in the flexure for the measurements from the strain gages to be effective. We have
found that approximately 1,500 microstrain is an acceptable value under maximum anticipated loading.
The flexure material shouldn’t start to yield until around 20,000 microstrain however, at roughly 2,000
microstrain some strain gages can be permanently damaged and bonding materials can begin to fail.
Before a custom flexure was designed for this project, other flexure designs were investigated.
One design proposed by Sheng A. Liu and Hung L. Tzo can be seen in Figure 2 below. This particular
design uses 20 strain gages the locations of which can be seen in Figure 3. It is a simple design which
employs symmetry about both the x and y axes and consists of a platform which is supported by a
number of beams which are anchored to each other and 4 foundation blocks, 1 at each corner.

Figure 2: One design for a 6DOF load cell proposed by Sheng A. Liu and Hung L. Tzo.
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Figure 3: Strain gage locations for the 6DOF load cell designed by Sheng A. Liu and Hung L. Tzo.

Another design that was encountered during research was the Stewart Platform Structure found
in an article published by Whee-Kuk Kim, Kum-Kang Huh, Byung-Ju Yi and Whang Cho. Like the previous
design, the Stewart Platform Structure is based on two plates with beams sandwiched between them as
can be seen in Figure 4. One difference between the Stewart Platform Structure and the previous design
is that the Stewart Platform Structure uses ball and socket joints as well as universal joints to connect
the top and bottom plates to the beams which can be seen in Figure 5. In the previous design the beams
were rigidly attached to the platform.
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Figure 4: Stewart Platform Structure, a 6DOF load cell design.

Figure 5: Geometry of the top and bottom plates used in a Stewart Platform Structure.

Each of these designs was found to be unacceptable for the senior project. The first design was
discarded because the number of Wheatstone bridges required to calculate the forces and moments
was too high. Not only does a large number of bridges increase the complexity of the data acquisition
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(DAQ) system used to collect the outputs from the Wheatstone bridges but it also complicates the
process of creating the compliance matrix during calibration which will be discussed later. The Stewart
Platform Structure was not acceptable for the senior project because of the complexity of the joints
between the beams and the plates. Universal joints and ball and socket joints are much more difficult to
machine than a rigid connection. These two designs provided great insight into what makes a good
6DOF load cell design and different aspects of each design were incorporated into the custom design
which was created.
Due to the complex geometry of the proposed flexure designs finite element analysis was used
to evaluate how the flexures would deform and be strained under the different expected loading
conditions. Abaqus models were created to apply the finite element analysis to the different iterations
of the proposed flexure design. The model was used to evaluate the dimensions of the flexure to ensure
that it produced an acceptable amount of strain under the loading expected during use.

Load Cell Flexure Development
While the strain gage based load cell allowed the most design flexibility at minimum cost, it also
required extensive computational analysis due to the complex geometry. Abaqus, a finite element
software package, was used to analyze geometry that met our design specifications. The results of
these analyses forced a redesign of the flexure due to inadequate sensitivity of the original geometry.
The development of those two designs, Flexure A and Flexure B are shown in the following sections.
Initial Design: Flexure A
The initial iteration of the flexure design had geometry similar to a bicycle wheel with only three
spokes. The hub of the wheel is connected to the outer rim via the three spokes which have a square
cross section. See page 84 in Appendix D: Hoof Block Component for a detailed drawing. This design
included some positive and useful features however it proved to be an inadequate design.

Creating the Finite Element Model
The finite element model used to predict the stresses in the model used the following
parameters:






Aluminum material properties (E = 10x106 psi, ν = 0.33)
Fixed outer surface (all displacements = 0)
Seed size of 0.2 inches (gives 3 elements through the thickness of each beam)
Quadratic brick elements
Linear static analysis

The forces of each load case were represented by pressure or traction forces on the top surface.
The moments were created by simultaneously applying a traction force couple on the top and bottom
surfaces of the center portion of the flexure.
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Finite Element Model Post Processing
The positive aspects of the initial flexure design would be seen the most in the creation of the
calibration matrix and the machining of the flexure. Since the initial design has three spokes it naturally
provides for the use of six Wheatstone bridges. One bridge at the intersection of each spoke with the
center hub and one bridge at the intersection of each spoke with the outer rim. This will make the
process of developing the calibration matrix for the flexure much easier than if there were a different
number of bridges as will be illustrated later in the Creating the Calibration Matrix section of the report.
Also due to the simplistic geometry of the flexure design it will be fairly easy to machine and will not
require the use of any special tools or manufacturing processes.
Although there are some aspects of the initial design that would be beneficial to the project
they are outweighed by the aspects of the design that work against what is required in the engineering
specifications. In order for the flexure to be effective the different forces and moments acting on the
block must be able to be identified and distinguished from one another. This is where the initial flexure
design fails. Figure 6 below shows where the stresses would develop in the flexure for a force in the y
direction. The y direction is parallel to both the ground and the top surface of the block and points
towards the front of the horse while it is standing on the block. Figure 7 shows the stresses in the
flexure for a moment about the x axis which is perpendicular to the y axis but still in the same plane
which is parallel to the top of the block. It can be seen from the two figures that the stress gradients are
very similar. This poses a problem because the same strain gages which register strain for the force in
the y direction will also register strain for the moment about the x axis. This is undesirable because the
two load cases would be indiscernible from each other. Another aspect of this problem is that the
stresses in the flexure due to the moment about the x axis are roughly thirty times larger than those
created by the force in the y direction. This means that under combined loading, i.e. a load case with a
force in the y direction and a moment about the x axis simultaneously, the resolution of the force in the
y direction would be a small fraction of what it would be for the moment regardless of whether they
could be independently identified.
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Figure 6: The model shows the axial stress in the flexure arms due to a 100 lb load in the y direction. The units of
stress are psi. This model has an arm cross section of 0.5” by 0.5” and the diameter of the outer ring is 6”.

Figure 7: The axial stress in the flexure caused by a moment of 1,000 in lb about the x axis. The units in the scale
are psi. The dimensions of the flexure are identical to the previous Figure.
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The problem of not being able to independently identify the forces and moments acting on the
block renders this flexure design unusable for our sponsors. In addition, the resolution and accuracy
difference between the different forces and moments is unacceptable. These problems give rise to the
need for a new flexure design which addresses these concerns.
Second Design: Flexure B
The problems with the initial flexure design have been addressed by redesigning the spokes. The
new spokes have two different cross sections and are no longer planar members but rather form an “L”
shape. The new geometry was analyzed using the same parameters used for Flexure A. A drawing of the
new flexure can be found on page 85 of Appendix D: Hoof Block Component. Similar to the first
iteration, the new flexure design has its advantages and disadvantages.
Finite Element Model Post Processing
The main disadvantages to the new design are that it will be taller than the previous design and
the geometry will be slightly more complicated to machine. The fact that the new design will be taller
than the first one is a concern because there is a limit to the total height of the block in the engineering
specifications. The limit on the height of the block is due to horses’ inability to tolerate differences in the
heights of its four legs with respect to one another. The increased complexity of the flexure geometry
simply translates to an increased machining time. This is significant because it will add to the cost of
additional hoof blocks in the future which will be made by professional machinists.
Although there are a few disadvantages to the new design they are tolerable and the
advantages are significant. The new design will allow for more distinction between the different forces
and moments imparted on the hoof block and will allow for more precise control of the magnitude of
strain in the flexure under the expected loading. Both of these aspects can be accomplished because of
the new spoke design. Since the different cross sections of each spoke are not in the same plane, each
load case will cause a bending mode of deformation in the spoke. The initial design yielded a bending
mode of deformation for some load cases and an axial mode for others. The transition from the initial
design to the new design may seem counterproductive to the goal stated earlier of having
independently identifiable loads however the opposite is true. Although the initial design yielded two
different types of deformation in the flexure depending on the load, they manifested themselves as
strain in the same locations. Therefore it would be impossible to determine which load was which based
on the readings from the strain gages. In contrast, the new flexure develops a bending deformation
under all types of loading however the strain occurs at different locations for each force and moment
applied to the hoof block.
Having two different cross sections per spoke gives us the ability to tailor the amount of strain
seen in the flexure at a given location by varying the dimensions of the two cross sections
independently. This ability in combination with the fact that the different forces and moments create
strain at different locations on the flexure allows for precise control of the amount of strain experienced
in the flexure at the locations where the strain gages will be placed. Figure 8 below shows the strain in
the new flexure for a load in the y direction and Figure 9 illustrates the strain created by a moment
about the x axis. It can be seen from these figures that the new flexure clearly develops strain in
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different locations for these two load cases where the initial flexure design did not. Also when careful
attention is paid to the scale of each of the two figures, one can see that the magnitude of the strain in
the flexure is roughly equal for the two load cases although they are illustrated using different colors.

Figure 8: Finite element analysis of the new flexure design. This image is showing the strain in the flexure. The
load in this picture is 100 lb in the y direction. This produces a strain levels close to the 1,500 microstrain near
the top of the vertical leg.
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Figure 9: Finite element analysis of the new flexure showing the strain. The load in this model is a moment
about the x axis of 1,500 in lb.
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Integrating Strain gages with the Flexure
We have identified 16 locations on each spoke of the flexure which may experience usable
strain during loading. These locations are shown in Figure 10. The finite element model of the flexure
was loaded with different individual forces and moments to see which locations registered usable strain
for each load case. After extensive testing of the finite element model a table has been compiled of the
locations on each of the spokes which register usable strain during each loading condition. This
information is shown in Table 3 below and will be used to evaluate where strain gages should be placed
on each spoke and how they should be wired within the Wheatstone bridge circuits.

Figure 10: Strain locations used to evaluate whether the different forces and moments acting on the block
registered strains at unique locations on the flexure. Strain locations with arrows refer to locations not directly
visible on the isometric projection of the spoke. All locations with arrows are directly opposite from a location
that is visible on the isometric view.
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Table 3: Summary of where the flexure was strained during different loading conditions. This data can be used
to determine the proper locations for strain gage placement and also to prove that each load case is
independently identifiable from strain gage readings.

Locations Where Strain Occurred
Tension
Compression
Force/Moment Spoke A Spoke B Spoke C Spoke A Spoke B Spoke C
Fx

-

11,13

9,15

-

9,15

11,13

Fy

11,13

9L,15R

9R,15L

9,15

11R,13L

11L,13R

Fz

1,11,13

1,11,13

1,11,13

3,9,15

3,9,15

3,9,15

Mx

3,9

My

14

1,11

3,9,13L

16

3,9,13R

1,11

Mz

14

14

14

16

16

16

1L,11R,14 1R,11L,16

1,11

3R,9L,16 3L,9R,14

It can be seen from Table 3 that many of the 16 possible strain gage locations did not register
usable strain during any of the applied loading conditions. This is good because it means that the
number of strain gages required for this project can be reduced. Also Table 3 shows that each load case
does provide a unique deformation in the flexure which can be seen by noticing that the usable strain
locations for each load case are different.
Based on the results from the finite element analysis of Flexure B, we could decide on the
number and placement of strain gages used to measure strain on the flexure. Using Table 3 above we
decided on the following gage placement which is shown in Figure 11 below.

Figure 11: Resulting gauge locations based on finite element analysis of 6 independent load cases.

The gauges were placed in pairs at locations 1, 3, 13, 15 on each leg to create a total of 6 full
bridges of strain gages. The gages at locations 1 and 3 form one Wheatstone bridge and gages at
locations 13 and 15 form another which yields two full bridges per spoke. The two gages bonded at any
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specific location are wired opposite one another within the Wheatstone bridge circuit. This particular
full bridge arrangement was chosen because it is temperature compensated, meaning that changes in
temperature will not unbalance the bridge, and it will also reject axial strain which is desirable because
we are interested in the bending deformation. This full bridge arrangement also outputs 4 times more
resistance change for a given strain over a single gage employed at one of these locations which will
provide higher resolution for the force and moment measurements.
Strain gage Selection
Strain gages come in a variety of lengths and materials. The materials of the gages affect the
lifespan, strain range, temperature range, and base material that the gauges are compatible with. For
our application, we chose small gauges that were compatible with the aluminum flexure material. We
chose the Vishay EA 13-120LZ-120 gages. These gages have an aluminum temperature compensated
constantan grid and a polyamide backing. This means that the strain gages will expand or contract at the
same rate as the aluminum flexure in response to changes in temperature. The nominal resistance of
the gages is 120 Ω and the outer gage dimensions are 0.4” by 0.2”. This allows us to place two gages
side by side on the 0.5” wide spokes. The gage length was chosen to allow enough space to solder lead
wires from the gages to solder pads while maintaining a small area of measurement. A small
measurement area was needed because of the large strain gradients produced by the short beam
lengths. These gages have a fatigue life of 108 cycles at a maximum anticipated elongation of 1,200
microstrain. We do not need to factor in high or low temperature operation because the load cell will
be not be used in extreme hot or cold temperatures.
In addition to selecting strain gages, we chose strain gage adhesive and protective coatings to
suit this application. The load cell needs to withstand moisture and a large number of load cycles. We
chose to use Vishay’s AE-15 epoxy because it has a large temperature operating rage while maintaining
a long service life. The AE-15 epoxy also has a longer pot life compared to some of the other epoxy
candidates which allows bonding of more gages with one batch of epoxy.
After bonding the gages to the flexure we utilized two protective coatings for the final load cell
assembly, 3145 RTV and M-Coat B. A combination of these two coatings provides the best protection
against the barnyard environment. The first is silicone based and forms a tough layer of protection
against impact damage and anchors wires in place. The silicone layer has a thick consistency and can be
applied to vertical surfaces without having to worry about it running onto undesired locations. In
addition to the silicone, M-coat B will protect the silicone from moisture. This combination of coatings
will protect the strain gages against damage from both impacts and moisture.

Wiring and Data Acquisition
A diagram of a full Wheatstone bridge is shown below in Figure 12. A full Wheatstone bridge
circuit is one in which all of the resistance elements are replaced by strain gages. For this project all of
the Wheatstone bridges will be full bridge circuits. The output of each Wheatstone bridge is an electric
signal proportional to the strain experienced by the gages. The constant of proportionality between the
strain and electric signal depends on the gages’ positioning relative to each other as well as their
orientation with respect to the object they are bonded to and the loading on the object. By placing two
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gauges in compression locations and two gauges in tension locations, the output of the Wheatstone
bridge will be 4 times greater than the strain picked up by a single gage.
Signal +

Signal -

Figure 12: A Wheatstone bridge circuit operating in a full bridge configuration. We will replace R1 and R3 with
strain gages in compression and R2 and R4 with strain gages in tension.

The signal from each Wheatstone bridge needs to be conditioned before it can be effective to
calculate the forces and moments acting on the load cell. Signal conditioning involves amplifying the
signal as well as removing the offset and noise. For a Wheatstone bridge Signal + and Signal – will be
slightly bigger or smaller than one half the excitation voltage Vs. For example, if Vs = 5V the values of the
output of the Wheatstone bridge may be Signal + = 2.505V and Signal - = 2.495V. In this particular
example the offset for the signal would be 2.5V or half of the excitation voltage. Signal conditioning for
this application can be accomplished using a simple circuit involving three operational amplifiers. The
signal conditioning circuit can be seen in Figure 13. It can be seen by the equation in Figure 13 that the
output voltage of the conditioning circuit is equal to the difference in the output terminal voltages from
the Wheatstone bridge circuit multiplied by a gain factor defined by the values of the resistors within
the conditioning circuit. In order for the conditioning circuit to have the highest possible Common Mode
Rejection Ratio (CMRR) all of the resistors except Rg should have the same resistance and come from
the same package. The gain should then be set by varying the ratio between the resistance value of Rg
and the rest of the resistors. It is important to have a high CMRR because the higher the value for CMRR,
the more accurately the conditioning circuit can eliminate the offset from the Wheatstone bridge circuit.
The more uniformity there is between the resistors in the conditioning circuit besides Rg, the higher the
value of CMRR will be for the circuit.
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Figure 13: A three op-amp signal conditioning circuit. This circuit removes the offset and amplifies the signal.

Once the signal has been conditioned it is ready to be converted from analog to digital and then
sent to the computer via a data acquisition device. For this particular project we have decided to use a
commercial data acquisition device, LabJack U6, which will capture and condition the signal from each
Wheatstone bridge and then convert them from analog to digital and send them to the computer. It is
convenient to have one device to perform all of these necessary functions and at the same time it will
reduce the complexity of the hoof block design.
LabJack U6 Data Acquisition Device
The LabJack U6 was chosen for the DAQ because of its versatility and relatively low cost. The U6
can perform all of the necessary tasks required to convert the outputs from the Wheatstone bridge
circuits to signals which can be sent to the computer to be used for analysis of the forces and moments.
One of the most desirable features of the U6 is that it communicates with a computer via a standard
USB connection. This is important because the hoof block is designed to be used in the field with a
portable x-ray generator and a laptop. It is very rare to find a laptop which doesn’t have at least one USB
port which means that the hoof block will be able to interface with virtually any computer. Another
positive aspect to using a USB connection is that USB connections are capable of transmitting both data
and power. Not only will the LabJack be communicating with the computer via a USB connection but it
will also be powered by the same USB connection. The USB connection will provide the excitation
voltage to each of the 6 Wheatstone bridge circuits as well as the LabJack board which means that the
entire hoof block will be powered by a USB port. There are two advantages to having the hoof block
powered via USB. First, it eliminates the need for an additional power source such as a battery because
everything will be running off of the laptop’s battery. Second, having the data and power transmitted
through one cord reduces the complexity of the system making it both safer and more user friendly.
In addition, the LabJack provides up to 14 single ended analog inputs or 7 differential analog
inputs with at least 16 bits of resolution at a sample speed of 50 kHz which equates to a conversion time
of 20µs. That means the full scale range of measurements can be divided into 65,536 distinct counts
which equates to an accuracy of approximately 0.0015% of full scale. That is about 100 times more
resolution than is specified in the engineering specifications. For this project only 6 of the 7 differential
channels will be needed which means that there is room for future development of the hoof block
without needing to buy another DAQ. The gain of the conditioning circuit within the U6 can be software
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programmed which allows for fine tuning of the conditioning circuit to achieve output signals with the
desired magnitude. Last, the U6 can be programmed in a number of various programming languages
such as C++ or LabVIEW, has drivers available for Windows, Linux, and Mac, and can support two 32 bit
counters and 4 timers so synchronizing the data from the hoof block and the x-ray will be simple since
both the x-ray generator and the LabJack will be triggered by a master switch. After the signals from
each of the Wheatstone bridges have been recorded and sent to the computer for a particular load case,
the signals can be used to create a calibration matrix. The procedure for creating the calibration matrix
is outlined in the following section. If the calibration matrix has already been calculated the signals can
be used to find the forces and moments acting on the hoof block.

Calibration Process
The calibration process is extremely critical in the creation of a multiple degree of freedom force
transducer. The process provides a matrix which relates strain inputs with force outputs. The
calibration matrix is obtained by applying independent load cases of known magnitudes to the
transducer and assembling the results into matrices. These matrices are manipulated by the linear math
that follows to produce a calibration matrix.
Creating the Calibration Matrix
A particular load case can be described by the following column vector.


F  ( Fx , Fy , Fz , M x , M y , M z )T

[1]

For each load case applied to the hoof block a vector of signals is created. The vector includes a
coefficient from each of the Wheatstone bridges. This is a column vector and is denoted as


S  (S1 , S 2 , S3 , S 4 , S5 , S 6 )T

[2]

In the case of the hoof block six Wheatstone bridges will be used to measure strains so there will
be six values in the signal vector. The relationship between the loading vector and the signal vector can
be described by the following equation.



S  [C]  F

[3]

In the preceding equation [C] is an nX6 matrix where n is the number of values in the signal
vector. In the case of the hoof block [C] is a 6X6 matrix which will make finding the calibration matrix
slightly easier because the matrix is square. The matrix [C] can be found by creating a system of
equations for each load case. The equations in the system are of the form

Si  Ci1F1  Ci 2 F2  Ci3 F3  Ci 4 F4  Ci5 F5  Ci6 F6

[4]

For the system of equations described by equation [4], 1<i<n where n is the number of
coefficients in the signal vector. For the hoof block each load case will yield a system of six equations
however, there are 36 coefficients in the [C] matrix. In order to completely populate the matrix six
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different load cases must be used and the loads must be selected so that the equations in [4] are linearly
independent. This is accomplished by modifying equation [3] to be of the form

C   S  F 1

[5]

Where both [S] and [F] are 6X6 matrices where each column represents one calibration load
case and each row in [S] represents one bridge output for each of the six loads and each row in [F]
represents one force or moment component in the load case. One important thing to note is that the
rows of these matrices need to remain consistent between load cases. For example, row 1 of [S] must
correspond to the output of the same Wheatstone bridge for each of the 6 load cases and row 1 of [F]
must represent the same force or moment component for each of the 6 load cases.
During normal operation of the hoof block finding the loading vector from the signal vector is
the ultimate goal. This can be accomplished using the following equation.




F  [C ]1  S  [ A]  S

[6]

In this equation the matrix [A] is the calibration matrix and is found by inverting the [C] matrix
found previously. If the [C] matrix is not square, the matrix [A] cannot be found by simply inverting [C];
instead the following equation must be used.

[ A]  ([ C ]T [C ]) 1 [C ]T

[7]

Once the calibration matrix has been found it can be programmed into the electronics of the
system. Then when a load is applied to the hoof block the software will automatically compute the
forces and moments on the block from the signals collected from the Wheatstone bridges.
Calibration Fixtures
In order to apply calibration loads to the load cell, we needed to create a set of fixtures to hold
the transducer in specific orientations while a known weight was applied. The approach we used to
apply forces to the load cell involved using a fixture which would hold the transducer perpendicular to
the ground while known weights were hung from the center cutout of the transducer. Moments were
applied to the load cell by placing known weights in the indentations of the moment plate shown in
Appendix H while it was attached to the top of the load cell. The moment plate provided multiple
locations to place weights which allowed for the creation of many different moments. One
disadvantage to creating moments this way was that the moments weren’t independent. Every time a
moment was applied to the load cell a force was also applied. This is something we are working to
eliminate with the design of the new calibration fixture. A combination of the base and moment plate
was used to create a twist moment. Detailed descriptions and pictures are shown later in the report.
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Initial Prototype: Mechanically Fastened Load Cell
A mechanically fastened flexure was produced before the single piece flexure in order to create
a cost and time effective prototype. A mechanically fastened transducer will help reduce the cost of
creating a flexure prototype because it can be made from smaller pieces of aluminum rather than one
large block. Table 4 summarizes the difference in cost between a mechanically fastened flexure and a
one piece flexure. The disadvantage of testing a flexure with mechanical joints is that mechanically
fastened joints have poor performance over time however; this is acceptable because the prototypes
are not intended to produce repeatable results over a long period of time and the final flexure will be
made of a solid piece of aluminum. A 3D model of the mechanically fastened flexure can be seen in
Figure 14.

Figure 14: The mechanically fastened transducer can be made from a section of 3/8” thick aluminum plate and
an aluminum bar with a 2” by 3” cross section. The design of the mechanically fastened flexure allows for
variation in the cross section and length of the supporting arms.

The flexure spokes can be made out of inexpensive bar stock with a cross section of 2” by 3”
rather than making the entire structure out of a larger block of aluminum with a 2” by 6” cross section.
Isolating the construction of the top, middle, and bottom portions allows for a more efficient use of
material. One mechanically fastened transducer can be produced from a 6” by 8” by 3/8” aluminum
plate and a 2” by 2” by 3” block.
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Table 4: A comparison of the cost for materials to manufacture a mechanically fastened flexure and a one piece
flexure. The cost to build a single mechanically fastened transducer is almost 70% less than using a solid
aluminum block.

Mechanically
Fastened

Material
7075 Aluminum Bar
6061 Aluminum Plate

Thickness
2 in
3/8 in

Width
3 in
6 in

Length
2 in
8 in

Price
$ 10.00
$ 17.00

Total
$ 27.00

Unibody

7075 Aluminum Block

2 in

6 in

8 in

$ 85.00

$ 85.00

In addition to the decreased cost of materials, the construction of the fastened transducer is
easier and more time effective. The separation of the parts allows multiple people to work
simultaneously on the construction of the transducer. Applying strain gages will take less time and can
be accomplished by two people working at the same time. Having more workspace simplifies the gage
bonding process and reduces the time and effort required to produce a quality bond.
All of these factors allow for thorough testing of gage placement, bridge configuration, and
structural variation. Using the mechanically fastened transducer for testing will allow for more
hardware testing before the final product is created. If the mechanically fastened design produces
promising results, no changes will need to be made to the single piece flexure.
The information gathered from all of the load cases on the FEA model was used to determine
the locations on the transducer to bond the strain gages. Of the 16 possible locations to bond strain
gages to each spoke, only 4 were used for the prototype. Gages were bonded at locations 1, 3, 13, and
15 on each of the three spokes. The gages on each spoke were connected in two half Wheatstone
bridges; one consisting of gages at locations 1 and 3, the other consisting of the gages at locations 13
and 15. The gages were wired into the Wheatstone bridges in adjacent positions in order to increase the
resolution when measuring bending in the spoke while at the same time rejecting axial strain. Also a
benefit of using half bridges is that they were temperature compensated.

Experimental Procedure
The 6DOF load cell was tested for both static and dynamic loads. The main goals of the
experiment were to calibrate the load cell using known static loads and then determine the transducers
ability to calculate unknown forces and moments using the compliance matrix created during calibration
and to test the transducers response to dynamic loads such as stepping onto the transducer or a stomp
from a horse. The procedures used during each of these parts of the experiment are detailed below.
Calibration and Static Loading
Due to the complexity of the flexure and its ability to measure forces and moments along and
about each of the three axes the calibration process is not trivial. The following steps were used when
calibrating the load cell using known static loads.
1. The transducer was assembled leaving all of the shoulder bolts only finger tight
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2. Each of the bolts were tightened to 70in-lb using a torque wrench moving from bolt to bolt
around the transducer clockwise from the outside towards the center
3. The lead wires from the strain gages were connected to Vishay P3 Indicators
4. The P3 Indicators were set up by entering the
a. Bridge type (half bridge, adjacent)
b. Gage factor
5. Then the Wheatstone bridges were balanced using the balance function on the P3 indicator
6. A known weight was applied to the transducer in the –z direction while the transducer was flat
on the table (see Figure 15)
7. The outputs of the 6 Wheatstone bridges were recorded
8. The transducer was attached to the calibration fixture (see Figure 16)
9. A known weight was applied to the transducer in the x direction (see Figure 17)
10. The outputs of the 6 Wheatstone bridges were recorded
11. The transducer was repositioned on the transducer and steps 9 and 10 were repeated for a load
in the y direction instead of the x direction
12. A plate was attached to the top of the transducer to allow moments to be applied to the
transducer (see Figure 18)
13. A moment was applied to the transducer about the z axis by hanging a known weight from a
hole in the plate offset from the center in the x direction (see Figure 19)
14. The outputs of the 6 Wheatstone bridges were recorded
15. Then the transducer was removed from the calibration fixture and placed flat on the table
16. A moment was applied to the transducer about the x axis by applying a known weight to the
plate at a location offset from the center in the –z direction (see Figure 20)
17. The outputs of the 6 Wheatstone bridges were recorded
18. Steps 16 and 17 were repeated, applying the known weight at a different location on the plate
to create a moment about the y axis rather than the x axis
19. Each of the six load cases and their corresponding bridge outputs were entered into a MATLAB
code to generate the compliance matrix
Then after the transducer was calibrated and the compliance matrix was created the transducer
needed to be tested. The following steps were used to test the load cells ability to calculate static forces
and moments.
1. A known force or moment was applied to the transducer
2. The outputs from the 6 Wheatstone bridges were recorded and entered into a MATLAB code
3. The MATLAB code multiplies the compliance matrix by the signal vector comprised of the
outputs from the 6 Wheatstone bridges and returns a vector of forces and moments
4. The vector returned by the MATLAB code was compared to the known load case to assess if the
transducer accurately measured the forces and moments acting on it
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Figure 15: A known weight being applied to the transducer in the -z direction.
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Figure 16: Calibration fixture used to calibrate the transducer.
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Figure 17: A known weight being applied to the transducer in the x direction.
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Figure 18: A plate attached to the top of the transducer to allow moments to be applied.
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Figure 19: Applying a moment about the z axis by hanging a weight in the x direction offset from center.
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Figure 20: Creating a moment about the x axis by applying an off center weight in the –z direction.

Dynamic Loading
The goal of the dynamic test procedure was to confirm the ability of the transducer to measure
the partial weight of a horse during an x-ray. To do this, the scale would need to pick up on shifting
weight during the exposure of an x-ray (about 0.5 seconds). So we needed a procedure that would
simulate an animal stepping on the scale and needed to gather data on the response of the transducer
with time. The data acquisition system needed to capture data at least 10 times per second so we could
see trends in the strain gage output on the order of 0.5 seconds.
Since the strain gages were already attached we could begin the test apparatus setup
immediately. Ideally we would have attached the 6 half bridge circuits to a DAQ and measured them all
simultaneously, but we were not able to find a DAQ with enough inputs for half bridges that had a
sample rate above 10 Hz. So we used the National Instruments SCC-SG01, shown in Figure 21, which is a
quarter bridge analog to digital converter that works with a National Instruments DAQ. This system
allowed us to measure the strain from two individual strain gages at a sample rate of 25 Hz. The DAQ
was hooked up to a LabVIEW program that plotted the strain data with time. The LabVIEW program
allowed us to collect data and import it to Excel which we used to plot the data.
Due to the limited gage inputs on the DAQ system (2 quarter bridge inputs) we chose two
representative gages that collected strain data on the horizontal and the vertical portions of one leg on
the transducer. These two gauges were hooked up to the two input channels via 2 wire connections.
We were mostly concerned with short term data, so the temperature effects from lead wires and gages
were not a concern. Once the gages were hooked up to the inputs on the DAQ, we captured data and
ran 2 tests. The first test demonstrated the transducer behavior under ideal loading where a load was
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gradually applied and the second test captured impact information. Both tests used a person as a load
because this most closely resembled the anticipated final loading.

Figure 21: Internal components of the National Instruments SCC-SG01 signal conditioner.

The ideal loading consisted of stepping onto the top of the transducer as it lay flat on the ground
and stepping off of the transducer after 3 seconds. This test was repeated 3 times to reduce the chance
of analyzing an abnormal test. The impact loading required the individual to step more suddenly on the
top of the transducer which would simulate a quick weight shift and would also provide insight into the
transient response. This impact loading was also repeated 3 times to gather a wide spectrum of data.

Results and Discussion
Testing of the transducer yielded three sets of results; static results, a statistical analysis of the
strain induced in the flexure from tightening all of the shoulder bolts using the torque wrench, and
dynamic results. The static test results were the most crucial for the senior project but gave the least
favorable results. We calibrated the transducer three separate times each yielding a different
compliance matrix, only one of which provided promising results. The trends seen in the dynamic testing
followed the expected trends and the statistical analysis of the induced strain in the flexure caused by
tightening the bolts had no outliers.
Static Loading
The first time the transducer was calibrated the compliance matrix had a condition number of
540 on a scale of 1 to infinity with 1 being the ideal case. Although a condition number of 540 is not
terrible it is not acceptable, a good rule of thumb is to have a condition number of 20 or less. After this
initial calibration a known force was applied to the transducer and the compliance matrix was multiplied
with the signal vector based on the bridge outputs to see how accurately the transducer could calculate
the forces and moments. The results of this test are shown below in Table 5.
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Table 5: A comparison of the actual load applied to the transducer and the calculated load based on the
compliance matrix with a condition number of 540.

Fx
Fy
Fz
Mx
My
Mz

Calculated Forces Actual Forces
(lb or in-lb)
(lb or in-lb)
-141.8
0
-97.1
0
-9.2
-60
44.8
0
-106.4
0
836.3
0

It can be seen from the table that the calculated forces and moments did not accurately
represent the actual load case. The poor results forced an examination of the calibration procedure to
look for sources of error. The shoulder bolts holding the different pieces of the transducer together
were the most obvious source. The shoulder bolts were causing induced strain in the spokes of the
flexure and creep between measurements. To deal with these issues the calibration process was refined
and careful attention was paid to keep track of the strains induced by tightening the bolts and creep
between measurements. The strain induced in the pieces of the flexure due to tightening the bolts was
easy to eliminate, all that was needed was to balance the bridges after the bolts were tightened but
before the calibration process was started. Then as long as the transducer remained assembled the
strain in the flexure caused by tightening the bolts could be ignored.
Unfortunately, the creep in the strain readings between measurements created large errors in
our tests. During measurements the strain readings from some of the bridges approached 200
microstrain for the active gages and the creep would change the zero of a bridge by up to 40 microstrain
(20%). This was definitely unacceptable because the transducer would not be repeatable and a reliable
compliance matrix could not be created under these conditions. We were able to eliminate the large
creep values by carefully placing weights on the transducer and repeating the calibration process if
creep exceeded 10 microstrain during any portion of the calibration process. Table 6 shows an example
of one calibration process, note the creep between measurements.
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Table 6: Bridge outputs in microstrain during the calibration process. All of the grayed fields represent unweighted configurations and should read 0.

Attatch to vertical fixture
Fy = -40 lb
Weights removed
Reorient on fixture
Fx = 40 lb
Weights removed

Bridge 1 Bridge 2 Bridge 3 Bridge 4 Bridge 5 Bridge 6
-24
-2
-9
1
0
5
-16
-42
-15
13
-12
-31
-23
-2
-9
0
0
4
2
5
2

1
-6
1

-3
-1
-4

2
39
2

1
21
2

4
68
5

Placed on horizontal surface
Fz = -40 lb
Weights removed

2
-19
1

3
25
3

-4
-7
-5

2
9
2

3
-22
2

4
-91
2

Added moment arm
Mx = 120 in lb, Fz = -40 lb
Weights removed
My = 90 in lb, Fz = -40 lb
Weights removed

0
-81
-8
-29
-4

2
196
-3
11
2

-4
37
-4
26
-4

-1
-103
-3
-135
-5

1
-26
1
-22
1

-2
-224
-3
59
-2

Attatched to vertical fixture
Mz = 120 in lb, Fx = 40 lb
Weights removed

-1
2
2

0
13
5

-1
20
-2

-3
11
-4

4
22
5

10
133
10

It can be seen that the creep met or exceeded 10 microstrain multiple times during the
calibration process. This was concerning considering the fact that sometimes bridges would only change
by a few microstrain when the transducer was loaded from an unloaded condition. The small changes
were difficult to trace and prevent due to the poor repeatability of the transducer. Since the magnitude
of the strain change in some of the bridges between unloaded and loaded conditions of the transducer
was so small, tiny magnitudes of creep had huge effects on the calibration matrix. The compliance
matrix for the calibration shown above is shown in Table 7.

45

Table 7: Compliance matrix based on the calibration shown above in Table 6. The condition number for this
matrix is 540.

[A]
1
1
3.837
2
17.520
3
-6.327
4
-8.461
5
7.195
6 -73.273

2
-0.407
3.338
-0.708
-1.207
0.515
-7.541

3
5.582
10.899
-6.769
-5.129
6.579
-53.218

4
-0.168
0.042
-0.329
-0.125
-0.638
3.429

5
3.382
-0.418
0.319
1.127
1.416
-14.786

6
-0.714
-1.128
0.588
0.382
-0.720
8.442

It can be determined that the compliance matrix is poorly conditioned by a visual inspection. A
well conditioned matrix should be a diagonal matrix with all of the coefficients having a similar
magnitude. The compliance matrix shown above is far from diagonal and the coefficients have a wide
range of magnitudes. One way we plan on improving the calibration process and condition number of
the matrix in the future is to construct the transducer from one solid piece of aluminum to eliminate the
bolted connections between pieces. This should help with the induced strain in the flexure as well as the
creep between measurements.
One of the major problems that surfaced from the mechanical joints was the shifting contact
patch between the top plate and the top of the legs. The interface between the top plate and the top of
one of the legs can be seen in Figure 22. Since the bolt was placed on a flange, the contact between the
top plate and the flange may shift from front to back during loading. This shifting was unaccounted for
and we were unable to predict its behavior during the calibration process. Applying a tensile and
compressive force to the top plate produced strains that were different magnitudes even though they
should have been similar. Under compression, the leg read 80 microstrain and under the same tensile
load, they read -40 microstrain. In addition to the strains reading different values for the reversed
loading, they should not have been reading such a high magnitude. The bridges placed on the top
portion of the legs were set up in adjacent positions on the Wheatstone bridge in order to measure
bending and eliminate axial loading. The fact that the gages picked up such a large bending strain also
suggests they are reading strains induced by the geometry of the top joint.

Figure 22: Interface between the top plate of the transducer and the top of the legs of the flexure.
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During the second calibration of the transducer creep was limited to less than 10 microstrain.
The compliance matrix for this calibration is shown below in Table 8. There was an order of magnitude
improvement on the condition number of the compliance matrix between the two calibrations. This
compliance matrix has a condition number of 29. The same known load was subjected to the transducer
and a summary of the actual and calculated load cases are shown below in Table 9.
Table 8: Compliance matrix for a calibration process which limited creep to less than 10 microstrain. The
condition number for this matrix is 29.

[A]
1
2
3
4
5
6

1
-1.847
-0.368
1.824
0.098
-1.760
3.916

2
-0.735
1.564
-0.121
-0.778
-0.479
1.718

3
1.617
-4.879
1.255
3.645
-0.746
3.121

4
0.530
-0.306
-0.234
0.025
-0.386
1.071

5
0.981
-1.167
1.304
1.971
0.071
-4.550

6
-0.032
0.882
-0.410
-0.833
0.255
0.710

Table 9: A comparison of the actual load applied to the transducer and the calculated load based on the
compliance matrix with a condition number of 29.

Fx
Fy
Fz
Mx
My
Mz

Calcualted Forces Actual Forces
(lb or in-lb)
(lb or in-lb)
-7.4
0
4.5
0
-50.3
-60
-1.9
0
-10.0
0
5.1
0

A visual inspection of the compliance matrix in Table 8 shows that the magnitudes of the
components are much more similar than the previous matrix. This is expected since the condition
number is so much better. The fact that the compliance matrix is not a diagonal matrix signifies that
some of the load cases we used for calibration were not linearly independent. Again, this was expected
because we already knew they were not linearly independent. Due to the limitation in complexity of the
calibration fixture, each time a moment was applied to the transducer a force was also being applied.
Statistical Analysis of Induced Strain in the Flexure
It was apparent that strain was induced in the flexure due to tightening the bolts of the
transducer. Over the course of the three calibrations it became obvious that the induced strain in the
flexure was not the same each time the bolts were tightened even though they were tightened to the
same torque each time using a torque wrench. Table 10 below shows a statistical analysis of 7 trials of
tightening the bolts of the flexure.
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Table 10: A statistical analysis of the strain induced in the flexure due to tightening the shoulder bolts with a
torque wrench.

Strain Induced From Tightening Bolts to 70 in-lb (με)
Bridge 1 Bridge 2 Bridge 3 Bridge 4 Bridge 5 Bridge 6
84
-150
132
-296
-36
-100
65
-138
127
-231
-51
-131
65
-124
140
-235
-27
-118
77
-166
137
-238
-39
-122
45
69
115
-194
-15
-107
53
-62
115
-111
16
-113
35
32
127
-95
-9
-130
Mean
Standard Dev.

61
17.4

-77
93.6

128
9.8

-200
72.8

-23
22.4

-117
11.5

Min Outlier Cutoff
Max Outlier Cutoff

8.4
112.7

-357.9
203.9

98.1
157.1

-418.5
18.5

-90.1
44.1

-151.8
-82.7

Although there are no outliers in the data based on the 3σ rule the data is alarming. In many
cases the standard deviation has a similar magnitude as the mean and in one case (bridge 2) the
standard deviation actually has a larger magnitude than the mean. This data further proves the
inconsistency caused by the bolted joints of the transducer.
Dynamic Loading
The dynamic test results suggested that the transducer reacted as expected to a sudden change
in loading. Since the transducer is intended to calculate the forces and moments acting on it while an
animal is standing on it, we are not as concerned with the magnitude of dynamic load as much as the
time response of the signal. Ideally, the signal would follow the loading without much noise or signal
delay between an input force and an output force reading. The response of the transducer was
evaluated during both an impact test and a standing test. The results for the two tests are shown below
in Figures 20 and 21.
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Figure 23: The response of the transducer to a 160lb person jumping onto the transducer and stepping off
sampled at 25Hz.

Figure 23 shows the response of the transducer to a shock type input. This input was simulated
by having a person jump onto the transducer. A person jumping onto the transducer was chosen to
model the shock type input because it is similar to a horse stomping on the transducer. For example, the
muscles and ligaments provide damping that can’t be modeled by dropping a rigid weight on the
transducer.
When subjected to the shock it took the transducer approximately 0.56 seconds to reach steady
state. This is acceptable for our purpose because shock type events are easy to visually identify in the
situation of a veterinarian watching a horse so they could just wait to take the x-ray and force and
moment measurements until a few seconds after the shock.
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Figure 24: The response of the transducer to a 160lb person stepping onto and off of it sampled at 25.

Figure 24 shows the response to a more likely loading scenario where a weight is applied
gradually. In this test, a 160 lb person steps on to the transducer and then steps off of the transducer.
The results from this test showed the response of the two bridges closely followed the actual events and
did not display overshoot, excessive settling time, or excessive noise. The noise that does show up in
both graphs was likely caused by a combination of weight shift, and instrument noise since we only used
a quarter bridge with a 2 wire configuration and the wires were fairly long (6 ft).
When the person stepped onto the transducer the magnitude of the signal reaches 63% of its
final value is approximately 0.32 seconds. The large peak in the signal as the person was stepping off of
the transducer was likely due to a pushing off type of motion however the signal exhibits a similar time
constant, 0.36 seconds. This is an acceptable time constant because the focus of the senior project is to
measure a horse standing on the block while getting x-rayed. In order to get a good x-ray the
veterinarians are going to take it when the horse is standing still so the transducer should be close to its
final value. It is important that the veterinarians don’t take the data during or near any dynamic events.
The noise in each of the 6 bridge signals would propagate through the compliance matrix in an
unpredictable way and provide calculated forces and moments which were far from representative of
reality. We anticipate the time constant will be even shorter on a single piece flexure.
In both cases the dynamic testing was not a comprehensive analysis of the dynamic
performance of the transducer since we were only able to measure the output of two separate quarter
bridges on one leg of the transducer rather than all six of the half bridges. This was due to the limited
number of configured channels on the signal conditioner. The other channels were set up for different
bridge configurations or did not have a high enough sample rate. 25Hz was not a fast enough sample
rate to accurately describe the signals from the transducer during our tests but it was as fast as the data
acquisition system could sample without becoming unreliable.
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Final Prototype: Unibody Load Cell
After building and testing the mechanically fastened transducer it was apparent that a
mechanically fastened transducer would not perform consistently or predictably. The next logical step
was to create a flexure out of a single piece of aluminum to avoid the problems associated with the
mechanically fastened joints. The creation of the unibody transducer was much more difficult than
building the mechanically fastened one because the machining, strain gage bonding, and soldering
processes were all more complicated due to the geometry of the flexure.

Manufacturing Process
The unibody flexure was machined on a three axis CNC mill from a 7” x 8” x 2” solid block of
aluminum but before it could be machined the G-code had to be created. The G-code is a program
which tells the CNC mill when and where to remove material and with what tool. For this project the Gcode was created using a program called MasterCam. This program works by importing a 3-D model of
the part from SolidWorks and then defining the tool paths needed to machine the part. Then
MasterCam develops the G-code that is loaded onto the computer of the CNC mill.
Due to the complex geometry of the part multiple different tools were needed during
machining. A roughing end mill was used to remove large amounts of material quickly in places where
the geometry was simple. Then, a regular 4-flute end mill was used for more precise cuts and finishing
passes to create a smooth finish on the part. In addition, a ball end mill was used to create radii between
different faces of the part to eliminate stress concentrations. Last, a center drill was used to create
precisely located pilot holes for the different sized drill bits that were used to drill holes through the
part.
Not only did the complex geometry require a significant amount of tools to machine the part but
the geometry also required that the part be reoriented in the CNC mill about half way through the
machining process. This may seem like a trivial task but it is not. First, the part must be reoriented at the
correct time in the G-code. Second, before any machining could begin the edges of the part and the
tools had to be defined in the CNC machine. While reorienting the part great care had to be taken to
ensure that it was placed in the correct position within the vice so that the edges of the part would not
have to be redefined. This was accomplished with the aid of a part stop, which is a mechanical device
that is attached to the table of the CNC machine and creates a physical stop to rest the part against. Also
while moving the part it was important to make sure that the piece was oriented in the vice correctly to
maintain continuity in the G-code. An example of this would be flipping a piece of paper, it can be
flipped by bringing the bottom of the piece of paper up over the top or by bringing the right side up and
over the left. Each of these two methods accomplish the goal of flipping the piece of paper but the
paper will not be oriented in the same way for both methods.
The center portion of the flexure required the best finish and closest tolerances. These surfaces
have strain gages bonded to them and the precise dimensions are required to produce the strains
predicted by the finite element model. This forced additional tool path manipulations to ensure these
segments were cut with small cut depths at lower feeds. In addition to slowing down the tool, material
was cut in such a way that the center portion was supported by the surrounding material to reduce
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vibration that deteriorates the surface finish quality. Figure 25 shows how the center portion of the
flexure was supported by the material during machining.

Figure 25: A picture of the flexure as it is being machined. Note the center portions have equal material
remaining to be cut which increases the stiffness of the surfaces being machined.

The attention to detail produced a flexure within ±0.01” of all of the nominal dimensions and
±0.005" on the thickness and width of the center legs. The surface finish on all of the gage surfaces was
adequate for the glue used to bond the gauges. The thickness of the base was the least precise and
varied by 0.015” from one end to the other. This was likely caused by misalignment in the vice when the
part was flipped during the machining process. Figure 26 shows the unibody flexure just as machining
was finished by the CNC mill.
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Figure 26: Here is the flexure after machining. All dimensions were within 0.01” of the nominal dimension. The
center portion of the flexure shows a good surface finish despite the possibility of vibrations developing during
the cutting process.

Instrumentation
Once the machining process was completed, it was time to bond the strain gages to the flexure.
Our mechanically fastened prototype transducer used cyanoacrylate glue to adhere the gages, which
utilized a catalyst to cure the glue in less than a minute. The final transducer utilized epoxy to adhere
the strain gages to the metal surface. The epoxy (M-Bond AE-15) was ordered, along with all of the
other strain gage materials, from Vishay. The AE-15 adhesive was picked because of its robust qualities.
The AE-15 epoxy will last more than 1,000,000 cycles up to 1500 microstrain where the cyanoacrylate
deteriorates after approximately one year of use. The AE-15 is also much easier to apply because it does
not cure instantly as the cyanoacrylate does. The disadvantage of the AE-15 is the 5-20 psi pressure
requirement during the cure process. In addition to pressure AE-15 requires an elevated temperature to
cure, 25°F above maximum operating temperature is recommended. Fortunately the geometry of our
transducer allowed us to secure 12 gages simultaneously using 3 clamps. Figure 29 shows how clamps
were used to apply the required pressure to bond the strain gages with the epoxy.
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Figure 27: A picture of the strain gages before they undergo a 2 hour cure cycle. The clamps maintain a pressure
of approximately 15 psi to control the glue line thickness.

In total, 24 gages were used to make up 6 full Wheatstone bridges that each measure bending
strain in the upper and lower portion of the legs on the center of the transducer. Based on a particular
wiring arrangement in the Wheatstone bridge, the output of each bridge is 4 times the magnitude of an
individual gage placed at that location. While this arrangement is sensitive to strain, it requires 16
solder operations per bridge to attach all the intra bridge wires (that’s a lot of soldering). Figure 30
shows the amount of soldering and wires required to instrument the transducer.

54

Figure 28: The transducer with all strain gages attached and wired together.

Once the transducer was tested and we had verified all of the strain gages were working and
wired correctly, all of the exposed wires and gages were covered with a silicone coating that will repel
water and corrosion around the each gage. This will offer a layer of protection for the intra bridge wires
and anchor the lead wires in place.

Testing
The test procedure for the unibody transducer was similar to the procedure used for the
mechanically fastened transducer. Known forces and moments were applied in 3 orthogonal directions
and the strains were measured in each case. These strains were manipulated by the matrix math shown
on page 32 in the section on creating the calibration matrix.
Set Up Procedure
The force transducer converts strain inputs to force outputs by a matrix multiplication. The
calibration matrix used was determined by applying known calibration loads to the transducer and
measuring the strain for each load case. Before applying the calibration loads, the DAQ was set up
following the steps shown below.
1. Connect the strain gage lead wires to the Labjack U6 using the DB 15 connector.
2. Connect the Labjack U6 to a computer via a USB connector.
a. If this is the first time using the Labjack on a particular computer, the drivers need to be
installed.
3. Open the data acquisition software provided by EponaTech. See Figure 29 below.
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4. Wait 5 minutes to allow the data acquisition system and the strain gages to reach a steady
temperature.
5. Zero the strain outputs.

Figure 29: Graphic user interface of the data acquisition software designed by EponaTech.

Once the Labjack was connected and the bridges were all balanced (reading zeros) it was time to
begin creating the calibration matrix.
Calibration Procedure
The data acquisition process lacks a few user friendly features associated with data storage, so
Matlab was used in conjunction with the software provided by EponaTech that measured data directly
from the Labjack. The Matlab code stored bridge outputs that were captured at an instant in time and
stored them in a matrix which was exported to Excel upon completion of the testing. Excel was then
used to manipulate the raw data because of its easy to use interface. Once a group of calibration strains
were measured using the EponaTech software and Matlab, the data was manipulated in Excel and
Matlab performed the matrix multiplication to yield a calibration matrix for the transducer.
The detailed steps for the calibration process are shown below.
1. Hook up the DAQ following the Set Up procedure.
2. Z force
a. Zero the bridge outputs.
b. Load the transducer in the -z direction (weight force).
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3.

4.

5.

6.

7.

c. Record the strains.
d. Remove the -z force.
X Moment
a. Attach the moment plate to the top of the transducer; finger tight only.
b. Zero the bridge outputs.
c. Apply a -z force at the known distance from the center of the transducer in the ydirection to create a moment in the x direction.
d. Record the strains. This load case creates a -z force and a moment in the x direction.
e. Remove the -z force.
Y Moment
a. Zero the bridge outputs.
b. Apply a -z force at a known distance from the center of the transducer in the x-direction
to create a moment in the y direction.
c. Record the strains. This load case creates a -z force and a moment in the y direction.
d. Remove the -z force.
Y Traction force
a. Place the transducer on the pegs of the calibration fixture. The moment plate should
still be attached to the top of the transducer.
b. Zero the bridge outputs.
c. Using a rope hang a weight from a location on the mounting plate directly below the
center of the transducer.
d. Record the strains.
e. Remove the weight.
X Traction force
a. Reorient the transducer on the calibration fixture.
b. Zero the bridge outputs.
c. Using a rope hang a weight from a location on the mounting plate directly below the
center of the transducer.
d. Record the strains.
e. Remove the weight.
Z (twist) moment
a. Zero the bridge outputs.
b. Hang a weight using a rope from a location on the mounting plate offset from the center
of the transducer. This will create a twist and traction force.
c. Record the strains.
d. Remove the weight.

See Figures 15-20 for detailed pictures of the different load cases. Once all of the calibration
load cases were applied to the transducer the calibration matrix was created as described above in the
Creating the Calibration Matrix section.
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Results
Initially, the transducer was tested with the top portion of the block attached but this yielded
inconsistent results similar to those of the mechanically fastened transducer. To isolate potential
problems, the top of the block was eliminated from the test plan and the transducer itself was tested
using the procedure above. Before assembling a calibration matrix for the transducer, we decided to
confirm the linearity of each bridge to the 6 input forces. An example of the linearity testing results is
shown in Figure 30 below. Figure 30 shows the bridge outputs for incremental increases in a moment
about the x axis.
0.4

R² = 0.9998

0.3

Bridge Output (V)

0.2
R² = 0.9973
R² = 0.998

0.1

0
0
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Figure 30: Results of linearity testing regarding a load case involving a moment about the x axis.
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300

Table 11: A calibration matrix from the first test of the transducer. The condition number for the following
matrix is 287.

Fx
Fy
Fz
Mx
My
Mz

Bridge 1
-393
1420
2229
-1364
754
-63279

B2
399
-698
-2497
632
-638
56165

B3
-192
657
1101
126
1100
-37044

B4
761
-1252
-2308
349
-784
52946

B5
-500
1234
2256
-138
150
-63698

B6
-4
-1134
-2036
350
-448
47708

Table 12: A calibration matrix from the second test of the transducer. The condition number for the following
matrix is 81.

Fx
Fy
Fz
Mx
My
Mz

Bridge 1
-190
68
-578
-1622
1072
-17108

B2
200
574
159
1170
-1082
19692

B3
-8
-156
-580
-134
1248
-10810

B4
543
-186
24
351
-986
12352

B5
-256
-134
-635
-462
482
-18907

B6
-194
-105
115
560
-618
14556

Tables 11 and 12 show the calibration matrices developed during two different calibrations of
the load cell. The first matrix was produced without zeroing the transducer before each load case was
applied which likely caused some inconsistencies throughout the calibration process. These
inconsistencies could include measurement drift due to temperature change or noise. A visual
comparison of the two matrices indicates the transducer is insensitive to the twist moment because of
the large magnitudes present in the last row of each matrix. Large values will cause large variation in
output values for small variations in the input values. This clearly indicates the importance of the
balancing step for each load case in the calibration process. For a given force strain input, the two
calibration matrices yielded the results shown below in Figure 31.
Fx
Fy
Fz
Mx
My
Mz

=

0
0
-60
180
0
0

Fx
Fy
Fz
Mx
My
Mz

=

0
8.5
-38
188
-3
0

Fx
Fy
Fz
Mx
My
Mz

=

11
1
-58
187
-15
-118

Figure 31: The actual load case applied to the transducer is shown at the left. The load case calculated using the
calibration matrix with a condition number of 287 is shown in the middle and the calculated loads using the
better conditioned calibration matrix is shown at the right.
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Redesigning the Calibration Fixture
The poor results obtained from the first calibration fixture suggested that the transducer was
not being subjected to the loads we thought were being applied during the calibration process. In order
to ensure that the loads placed on the transducer were what they should be, the calibration fixture and
calibration process needed to be redesigned.
The first issue that needed to be addressed was the fact that the initial calibration fixture
required the transducer to be reoriented a number of times during a single calibration in order to apply
the different load cases. This was not acceptable because it changed the direction gravity acted on the
transducer for different load cases. In addition, it guaranteed no similarity in the contact forces between
the calibration fixture and transducer for the different load cases and orientations.
The other major issue with the calibration fixture was that human input was required to balance
the weights applied to the transducer for the different load cases. Any time human interaction is
involved in a process there is no way to ensure that similarity is achieved between different load cases.
As a result, we needed to redesign the calibration fixture in such a way as to remove all human
interaction during the application of the different load cases.
With these two major issues in mind the calibration fixture was redesigned and can be seen in
detail in Appendix J as well as Figure 32 below. The new calibration fixture is composed of a three legged
weight holder and two pulley mechanisms. The new design completely removes human interaction
during the application of the different load cases as well as provides a means to complete an entire
calibration without even moving the transducer at all. The new calibration procedure will be explained
in greater detail later in the report.
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Figure 32: This setup demonstrates the application of a complex load case on the hoof block. There is no human
input and the transducer remains in one location for an entire calibration.

The weight holder consists of a rigid frame with three legs and a rope to hang weights. The 3
legged design yields consistent weight distribution on uneven surfaces because the length of each leg
can be adjusted individually. Adjustable leg length allows corrections for different configurations of the
transducer (with our without the top portion) and ensures that the weight holder is level for the
application of each load. It is imperative that the weight holder is level when loads are applied because
the proportion of weight applied to the hoof block compared to the weight actually hanging from the
weight holder has been predetermined. A bubble level on the top of the fixture ensures that the weight
holder is level during each load case and the weight distribution will be the same. The fixture has the
capability to hold up to 100 pounds in the form of rectangular weight blocks. The weight applied to the
hoof block by the weight holder will be 84% of the weight hung from it. Not all of the weight is applied
to the hoof block because the other two legs of the weight holder support some of the weight.
The other components of the calibration fixture are simply simple mounts which house pulleys
that can be clamped onto a work bench or table. Then, ropes can be run over the pulleys and weights
can be hung from the ropes to apply lateral loads to the hoof block.
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Second Iteration Calibration Procedure
1.) Place the hoof block on a worktable near the corner.

2.)

Clamp the pulley holders onto the edge of the worktable so that the pulleys are aligned with the x
and y axes of the hoof block, see Figure 33. Make sure that when a rope runs over the pulleys it is
level with the ground, see Figure 34. This will require placing something under the pulley holders
before clamping them to the table. We used what ever was on hand however we recommend a
using a piece of wood.

Y

X

Figure 33: Hoof block and pulley holders in the proper arrangement near the corner of a work table.
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Figure 34: Pulley holder clamped to the work table so that the rope running over the pulley is level.

3.)

Place one leg of the three-legged weight holder (the one that is different than the other two) on
the center of the hoof block top plate, see Figure 35. Then place the bubble level on top of the
weight holder top plate inside the black circle.

Figure 35: Weight holder in contact with the top surface of the hoof block after being leveled.
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4.)

Adjust the height of each of the three legs by turning the threaded inserts until the bubble level
shows that the top plate is level.

5.)

Connect the LabJack board on the hoof block to a computer with a USB cable.

6.)

Open the strain.exe program created by John Craig and set the zero offset. Make sure that the
zero offset is taken with the weight holder on top of the hoof block at the origin and no weights
hanging from the pulleys.

7.)

Create a force in the negative z direction by hanging weights from the weight holder, see Figure
36. This will be the first load case in the calibration.

Figure 36: An example of weights being hung from the weight holder to create a force in the -z direction.

8.)

Read the strain gages using the strain.exe program.
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9.)

Record the vector of strain values from the strain.exe program. Also keep track of the load case
including whether the load is applied in the positive or negative direction. To calculate the load
applied to the hoof block via the weight holder, multiply the amount of weight hung from the
weight holder by 0.845. This accounts for the fact that the other two legs of the weight holder
support some of the weight. Weights hung from the pulleys do not need to be calculated in this
manner.

10.) With the weights from the first load case still hanging from the weight holder, hang some weight
from the pulley aligned along the x axis. This will be the second load case in the calibration. Make
sure that the amount of weight hanging from the weight holder is greater than the weight hanging
from the pulley to prevent the hoof block from sliding on the work table.

11.) Repeat step 9 for this second load case.

12.) Remove the weight hanging from the pulley in the x direction and hang it from the pulley aligned
in the y direction. This will be the third load case of the calibration.

13.) Repeat step 9 for the third load case.

14.) Now remove the weight from the pulley and weight holder. Then move the point of application of
the weight holder to the small indentation on the top plate 2” in the negative y direction.

15.) Reapply weight to the weight holder. This will create a positive moment about the x axis and will
serve as the fourth load case in the calibration.

16.) Repeat step 9 for this load case. The moment applied is equal to the weight applied by the weight
holder times 2 inches; the units are inch-pounds.

17.) Remove the weight from the weight holder and move the point of application of the weight
holder to the indentation 2 inches in the positive x direction.

18.) Reapply weight to the weight holder. This will create a positive moment about the y axis and will
serve as the fifth and final load case for the calibration. A sixth load case is not needed since we
are no longer interested in the moment about the z axis.

65

19.) Repeat step 16 for this load case.

20.) Create a 5X6 strain matrix [S] by appending the strain vectors from each of the five load cases
together. Each row in [S] corresponds to one load case in the calibration. The six entries in each
row are the six strain values read from the strain.exe program. When creating this matrix is
important to keep all of the values in order. Load cases 1 through 5 create the five rows from top
to bottom and the six values in each row are a direct transpose of the six strain values from the
strain.exe program.

21.) Create a 5X5 force matrix [F] by appending the force vectors from each of the load cases together.
Each row in [F] corresponds to one load case. From left to right the force components that make
up each row are Fx, Fy, Fz, Mx, and My. We are not interested in Mz for this particular application.
Append load cases 1 through 5 together from top to bottom to create the full force matrix [F].

22.) The calibration matrix [C] is generated using the following matrix equation.
[ ]

[ ]([ ] ([ ][ ] ) )

Note: This procedure has been written very generally so the user can use any software available to
make this process faster and easier. We used a combination of MATLAB and Microsoft Excel to keep
track of the strain and force values as well as perform the linear algebra to solve the matrix equation.
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Top Portion of the Block
In addition to designing the load cell portion of the block, we needed to ensure all of the scale
markers from the existing block were preserved. The original block required significant modification in
order to attach to the load cell. Our sponsors requested the addition of a bone density scale marker to
the block, which we decided to attach externally to the upper portion of the block in order to keep the
overall height of the hoof block under 4”. These modifications can be seen in the drawing of the hoof
block body in Appendix D.

Bone Density Scale Markers
We have machined some initial bone density scale markers and our sponsors have been
gracious enough to perform some initial testing on them using their radiography equipment. Two
different scales were made, one from steel and one from aluminum. The testing was used to evaluate
which metal provided a better gradient on the x-ray images for measuring bone density. X-ray images
from the initial tests can be seen in Figures 37 and 38 below.

Figure 37: X-ray image of steel bone density marker in wooden block.

Figure 38: X-ray image from a test of an aluminum bone density scale marker.
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Ideally these scale markers would show up completely white at the thick end of the cone and
fade evenly and gradually to black at the tip. Unfortunately these tests did not yield an acceptable
gradient. One hypothesis for this is that the scale markers were mounted in blocks of solid wood for
these tests. The radiation had to pass through the wood before it reached the scale markers and some
of the radiation was stopped by the wood and never reached the scale markers. A solid wooden block is
not representative of what the final hoof block will be made of which will be mostly plastic. The plastic is
much less dense than the wood and will allow more radiation to pass through it.
Although there is no physical scale shown on these x-ray images, the two different scale markers
are the same length yet have vastly different diameters. The difference in diameter is due to the
difference in density of the materials. Since the steel is denser than aluminum, less material is needed to
show up opaque (white) on the x-rays. Although it cannot be seen from these x-ray images the bone
density scale markers are cones. A cone shape was used rather than a wedge in order to eliminate error
when taking the image due to the angle between the radiation emitted from the x-ray generator and a
plane passing through the centerline of the cone and parallel to the ground. Different x-ray generators
emit their radiation from different heights, using a cone for the scale marker allows the radiation to pass
through the same amount of material no matter what the angle in the vertical plane is between the
centerline of the cone and the point where the radiation is emitted. If a wedge was used, the radiation
would have to be emitted from a height level with the centerline of the wedge to produce an accurate
gradient for measuring bone density.
After discussion with our sponsors, we have decided to use aluminum bone density markers because
they provide a better gradient on the x-ray images. There is a disadvantage to using aluminum bone
density markers though; they require a much larger diameter than steel ones would. Ideally the bone
density markers would be located within the body of the block however, due to the diameter of the
cones and their required placement within the block the block would become too tall for horses to
tolerate. This issue created the need for a redesign of how the bone density markers would be
implemented into the hoof block system. Our solution is to relocate the bone density markers from
within the block to a holder which attaches to the outside of the block. There are a few distinct
advantages to relocating the markers. First, the overall height of the hoof block will be reduced to an
acceptable level. Second, the design of the external marker holder allows for one bone density cone to
be used rather than needing two. Also since the external scale marker holder is removable, one scale
marker and holder could potentially be used for multiple hoof blocks. In either case, using the marker
and holder with one block or multiple blocks, the material cost of the hoof block will be reduced slightly.
The design of the new bone density scale marker holder can be seen in Appendix E.
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Process Costs
It is important to consider how much future hoof blocks will cost to manufacture since the labor
to make them will no longer be free. After the initial prototype which we will build for our sponsors
additional hoof blocks will need to be manufactured and assembled by professionals which will add to
the cost of each hoof block. Table 13 below summarizes the estimated time needed and cost to produce
an additional hoof block minus the cost of materials. The labor rates for the professionals are based on
the mean hourly wage of people working in the associated field.
Table 13: Approximate time needed and cost to pay a professional for each process in creating the hoof block.

Task/Process
Machine flexure
Bond gauges to flexure
Solder lead wires to gauges
Machine block body
Assemble hoof block
Connect DAQ and electronics package
Program electronics and UI
Fabricate test fixture
Test for calibration matrix

Our Time
(hr)
8
8
20
4
1
0.25
0
6
30

Our Labor
Cost
($/hr)
$
$
$
$
$
$
$
$
$
-

Time for
Professional
Professional
Professional
Labor Cost
Occupation
(hr)
($/hr)
4
Machinist
$
18.03
5
Strain Gage Tech. $
22.65
4
Solderer
$
17.71
2
Machinist
$
18.03
1
Assembler
$
15.51
0.25
Assembler
$
15.51
10
Software Engineer $
35.38
2
Metal Fabricator $
18.24
2
Calibrator
$
19.07
Total for Professional Processes

Cost of Task
($)
$
$
$
$
$
$
$
$
$
$

72.12
113.25
70.84
36.06
15.51
3.88
353.80
36.48
38.14
740.08

It can be seen from Table 13 that the cost of labor to manufacture additional hoof blocks will
not be trivial. Building the hoof block requires many complicated and unique tasks that should be
completed by a professional who has sufficient experience. It is important to note that the time shown
in the table for each of these tasks is only an estimate.
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Bill of Materials
Table 14: Bill of materials for the equine hoof block.
Bill of Materials
Material/Part
Dimensions
7075-T6 Aluminum Flat Bar
2" x 3" x 12"
6061 Aluminum Plate
0.375" x 6" x 8"
6061 T6 Aluminum Round Bar
0.75" x 24"
A36 Hot Rolled Steel Plate
0.375" x 8" x 10"
A36 Hot Rolled Steel Plate
0.25" x 8" x 18"
Type 303 Stainless Steel Round Bar
0.625" x 12"
6061 Aluminum Round Bar
1.25" x 12"
6061 Aluminum Plate
0.375" x 8" x 12"
7075 Aluminum Plate
2" x 7" x 8"
6061 Aluminum Plate
0.375" x 8" x 12"
1/4" Steel Shoulder Bolt
0.25" x 0.5" : 10-24 Thread
5/16" Steel Shoulder Bolt
0.3125" x 0.375" : 1/4"-20 Thread
1/4" Cadmium Steel Washers (100)
0.02"-0.04" Thick
5/16" Cadmium Steel Washers (100)
0.02"-0.04" Thick
5/16" Machine Screw
0.3125" x 1.5"
5/16" Hex Nut
0.3125" x 0.5"
Carbide 4 Flute End Mill
0.5" x 1"
HSS Two Flute Ball End Mill
0.25" x 1.75"
HSS Two Flute End Mill
0.5" x 2"
Cobalt Steel Roughing End Mill
0.75" x 4.25"
Carbide 60° Size 3 Countersink
Drill D=0.109375" Body D=0.25"
EA-13-120LZ-120/E Strain Gauges
CSM-2 Degreaser
20oz
MCA-1 M-Prep Conditioner A
2oz
MCA-2 M-Prep Conditioner A
16oz
MN5A-1 M-Prep Neutralizer 5A
2oz
MN5A-2 M-Prep Neutralizer 5A
16oz
CSP-1 Cotton Swabs (100)
GSP-1 Gauze Sponges (200)
M-Bond AE-15 Kit
DP-1 Drafting Pencil 4-H
PCT-2M Gauge Installation Tape
3/4" x 75'
GT-14 Pressure Pads and Backup Plates
HSC-1 Spring Clamp
1"
CPF-60L Terminals (25 strips)
134-AWP 500' Wire Solid CU, Polyurethane Enamel
3145 RTV Silicone Rubber
3oz
M-Coat B Kit, Nitrile Rubber (4)
1oz
RSK-4 Rosin Solvent (4)
1oz
430-DFV 100' Wire Std. Tinned CU, Flat, Vinyl
Practice Patterns
D-Sub 15 Pin Female Connector
D-Sub 15 Pin Male Connector
LabJack U6 Data Acquisition
3" x 7" x 1"
Shipping and Handling Total
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Cost per Unit ($)
$
62.38
$
16.64
$
6.13
$
16.48
$
17.31
$
7.13
$
6.91
$
16.67
$
105.08
$
16.67
$
0.85
$
1.00
$
2.94
$
3.05
$
0.34
$
0.12
$
36.88
$
26.18
$
18.66
$
45.30
$
22.20
$
1.00
$
15.20
$
5.80
$
10.90
$
5.80
$
10.90
$
4.20
$
11.60
$
75.30
$
2.40
$
9.10
$
20.10
$
6.10
$
12.10
$
15.70
$
40.60
$
26.60
$
15.70
$
42.80
$
$
1.99
$
1.99
$
299.00
$
222.70

Quantity
1
1
1
1
1
1
1
1
1
1
8
10
1
1
4
4
1
1
1
1
1
50
1
1
1
1
1
1
1
1
1
1
1
2
1
1
1
1
1
1
1
3
3
1
1
TOTAL

Cost ($)
$ 62.38
$ 16.64
$
6.13
$ 16.48
$ 17.31
$
7.13
$
6.91
$ 16.67
$ 105.08
$ 16.67
$
6.80
$ 10.00
$
2.94
$
3.05
$
1.36
$
0.48
$ 36.88
$ 26.18
$ 18.66
$ 45.30
$ 22.20
$ 50.00
$ 15.20
$
5.80
$ 10.90
$
5.80
$ 10.90
$
4.20
$ 11.60
$ 75.30
$
2.40
$
9.10
$ 20.10
$ 12.20
$ 12.10
$ 15.70
$ 40.60
$ 26.60
$ 15.70
$ 42.80
$
$
5.97
$
5.97
$ 299.00
$ 222.70
$1,365.89

Recommendations and Conclusions
Due to the unexpected problems with the mechanically fastened transducer, our testing and
troubleshooting timeframe was limited. We were able to generate linear plots of strain with respect to
loading, which indicates one calibration load should produce a ratio (represented by the calibration
matrix) between a given strain and a given force. Despite the linearity in the transducer, there was still
some cross coupling between the sensors because certain load cases would excite multiple load outputs
that were not present (the twist moment in particular). A quick method to fix the cross coupling with
the twist moment would be to simply remove it from the output requests and compute a calibration
matrix that relates 6 strains to 5 output values using equation 7 in the section on creating the calibration
matrix. This should improve the performance of the calibration matrix as a whole because the matrix
inversion operation is a function of all the values in a matrix.
Another discrepancy we found in our design was our calibration fixture and process. Simply by
balancing the bridge outputs we were able to improve the calibration matrix significantly which
produced realistic force outputs for load cases. However, the process can be refined by eliminating
steps where the transducer is reoriented. This should maintain a consistent set of boundary conditions
that will simulate the operating conditions more accurately than the initial setup. As stated before,
improving one calibration load case will improve the performance of the overall transducer
performance. A single flaw in the calibration process could hinder the operation of the force transducer
as a whole.
Despite improvements in the calibration process (providing consistent boundary conditions and
eliminating human input) the transducer still shows signs of cross coupling for particular load cases. The
improved calibration process did have a positive effect on our results, the condition numbers for the
calibration matrices dropped from a range of 30-50 to below 10. The improvement indicates the
importance of the calibration process. There may still be one step in the calibration process that throws
off the accuracy of all the load cases. If that is the case, the calibration process should undergo further
refinement. We do not have any particular suggestions on this issue.
The calibration process may not be the only shortfall to this design. The new calibration fixtures
reduced our errors but it did not change or eliminate them. There was still cross coupling for certain
load cases. This may be the effect of poor transducer design. One of design elements in a good
transducer is isolation of the area where the transducer strains for a particular load case. There should
be two very stiff regions connected by a flexible region that has strain gauges measuring movement.
Our design has a very stiff base but the top is thinner, smaller, and has 3 concentrated load points where
the delrin top is bolted to the base. The top of the transducer body is the best place to start
troubleshooting and would be the most likely area to be redesigned.
Another potential problem with the transducer design is the bolted connection between the
delrin top and the aluminum base. We used adhesive in the final design to help keep the two connected
and we have had some success. In the testing, there has not been any drift like that in the mechanically
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fastened transducer. However, there may be other unforeseen forces acting at this joint that cause the
coupling between load cases.
Despite the limited success of our final design, there were positive elements of the project. The
data acquisition system worked very well. It provided a cheap, accurate, and customizable platform to
work with. The USB powered board was able to read all of the strain gauges at an acceptable speed and
resolution for our project. This satisfied the requirements for minimal wires and quick connections.
The strain gauges also provided reliable service. The epoxy style gauges were much easier to
install and have given better performance than the super glue installation used previously (no gauge
failures). Even the protective coating used on the gauges has stayed in place without any signs of
deterioration or wear over the timeline of this project. The protective coatings have displayed good
adhesion to the aluminum body as well.
The design of the transducer body was made without the use of expensive 4th axis machining or
casting. It was all done at school with the 3 axis mill without any custom tooling. The transducer body
also provided appropriate strain values that were not too high or too low to be read by our strain
gauges. In addition to the design changes mentioned above, a strength test should be performed to
make sure this design will be strong enough to survive real world loading.
The problems faced in this project have moved beyond our current level of understanding.
Most of the troubleshooting already done has been the result of trial and error with limited success. To
make real progress it will be key to understand the mechanism that causes the cross coupling.
Conducting small scale experiments or reaching out to professional organizations may be the key to
determine the cross coupling problem without wasting time and resources. Designing a new shape for
the transducer is fairly trivial, but the work required to machine and instrument another complete
transducer is quite time intensive. Going back to the finite element model and trying different shapes of
the top section of the transducer body to reduce the strain in the top and bottom of the aluminum
section could be a time effective way to accomplish this.
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Appendices
Appendix A: Gantt Charts
Entire Project
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6-DOF Sensor
Multiple Single DOF sensors
Strain Gauge Array
Spring System

General Veterinarians

Horses

Max load (lbf)

Resolution (lbf)

Overload

Wire leads

Max drop height (ft)

Cost

6-DOF Sensor

Multiple Single DOF Sensors

Strain Gauge Array

Spring System

Key Functions
Measure 6-DOF
Easy to hook up
Friendly computer interface
Withstand environmental abuse
Withstand horse abuse
Simple system

Sponsors

Appendix B: House of Quality

10
5
5
10
10
5

5
5
10
10
10
10

1
10
1
1
10
5

5
0
0
5
10
0

5
0
0
5
5
0

5
0
0
5
10
0

5
10
5
5
0
10

0
0
0
10
10
0

5
5
5
5
5
5

10
10
10
5
5
10

10
5
5
5
5
5

10
5
5
5
5
0

10
0
0
10
10
5

500 0.5 1000
500 0.5 7500
1000 0.5 1500
500
2 1000

1
6
12
6

2 5000
2 2400
5 50
6 200

The house of quality for this project is shown above. The house of quality relates customer requirements
(shown along the left of the table) to design requirements (shown on the top of the table). A higher
number shows a strong correlation between two topics and a low number represents a weak correlation
between two topics. At the far right portion of the table, each design idea is rated based on a specific
customer requirement (higher numbers are better). The bottom of the table summarizes the numerical
specifications for each design requirement (units are listed at the top of the chart).
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Appendix C: Initial Analysis of 1-DOF Sensor Array
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Appendix D: Hoof Block Component Drawings
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Appendix E: Hoof Block Assembly Drawing
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Appendix F: Mechanically Fastened Load Cell Component Drawings
Bottom Plate
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Flexure Leg
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Top Plate
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Appendix G: Mechanically Fastened Load Cell Assembly Drawing
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Appendix H: Calibration Fixture Component Drawings
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Appendix I: Calibration Fixture Assembly Drawing
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Appendix J: Second Iteration Calibration Fixture
All Thread
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Second Iteration Weight Fixture Assembly Drawing
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Pulley
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Pulley Mount Bottom Plate
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Pulley Mount Lower Support
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Pulley Mount Assembly Drawing
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